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•  Overview
–  Motivation for Mu2e
–  Mu2e and Mu2e-II

•  Simulation Details
•  Simulation Results
•  Summary
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The Standard Model
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Mixing

Mixing Weak charged current 
interactions “flip” 
fundamental fermions 
(analogous to spin flip)

Fermions Bosons

Neutrino 
Oscillations

Flavor	  Viola*ons?	  
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Charged-Lepton-Flavor Violation (CLFV)

•  CLFV is extremely suppressed in the Standard Model
e.g.-    Single-event-sensitivity

A signal of CLFV → Evidence of New Physics!
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Mu2e Experiment

•  Mu2e searches for muon-to-electron conversion
    with presence of a nucleus. 

•  Mu2e measures the single-event-sensitivity:

•  Target sensitivity: 
–  Current limit:    (SINDRUM-II)

•  Upgrade: Mu2e-II

Rµe ≡
Γ µ−N(A,Z )→ e− +N(A,Z)( )

Γ µ−N(A,Z)→  νµ + %N (A,Z-1)( )
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Mu2e Upgrade by Proton Improvement Plan-II
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Mu2e-II aims to achieve ×10 Mu2e sensitivity 

*hopefully achieved by the upgrade

•  Hopefully, only modest changes to the Mu2e design are 
required to pursue Mu2e-II.

After PIP-II is complete,
•  Beam power increase from 8 kW to ~100 kW
•  Improved duty factor
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Why consider Mu2e-II?

Regardless the Mu2e result, Mu2e-II is important:

Mu2e observes CLFV ≥ 5σ
- Switch targets and measure the ratio of rates to further 

discriminate models of underlying physics

Mu2e observes CLFV at 3σ
- Collect ×10 data to definitely resolve the situation

Mu2e sets stringent new limit on CLFV
- Collect ×10 data and explore new parameter space 
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Beam Assumption
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Beam Assumption
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Potential of Mu2e-II

A 800 MeV proton beam (8-100 kW) will be available. 

•  More protons
•  No antiproton background
•  Less radiation damage to the Production Solenoid / POT
•  Less Radiative Pion Capture (RPC) due to the narrower proton 

pulse
•  Improved duty factor

How does the low K.E. beam affect the muon production rate?
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Simulation Details (1)

Software: G4beamline
Kinetic Energy of a beam: 8GeV and 800MeV
Starting position of a beam: 2 mm in front of the production target
Detectors: at the entrance and exit of the transport solenoid, and 
at the stopping target 
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Simulation Details (2)

•  Number of Simulated Events

•  Submit jobs on FermiGrid
→ ~2 days using 100 nodes
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Simulation Results (1)
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Simulation Results (2)

(K. Knoepfel et al. 2013)
Simulated Events=100 x 106
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•  The	  result	  is	  consistent	  with	  a	  
previous	  study	  in	  2013.	  
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Simulation Results (3)
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•  Muon	  Produc*on/POT	  dropped	  by	  a	  factor	  of	  16.3.	  
•  Muon	  Produc*on/Power	  dropped	  by	  a	  factor	  of	  1.63.	  
	  
•  Mu2e	  (8GeV,	  8kW):	  6.086	  ×	  1017	  stops	  
•  Mu2e-‐II	  (800	  MeV,	  100	  kW):	  4.657	  ×	  1018	  stops	  

	  →	  This	  is	  7.65	  *mes	  more	  stopped	  muons.	  
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Why does it drop by only a factor of 1.63?
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•  The	  momentum	  distribu*on	  of	  800	  MeV	  has	  a	  shorter	  tail.	  	  
•  Pions/muons	  with	  high	  momentum	  are	  thrown	  away	  in	  the	  TS.	  
•  Muons	  with	  15-‐100	  MeV/c	  survive	  the	  TS.	  	  

Momentum	  Distribu*on	  of	  muons	  before	  TS	  
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Mu2e	  (8	  GeV)	  
	  
-‐	  Muons	  beforeTS	  
-‐	  Muons	  aWer	  TS	  

Mu2e-‐II	  (800	  MeV)	  
	  
-‐	  Muons	  beforeTS	  
-‐	  Muons	  aWer	  TS	  
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Simulation Results (4)
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Momentum	  distribu*ons	  of	  survived	  muons	  for	  both	  scenarios	  
were	  very	  alike.	  
•  ~38%	  of	  the	  survived	  muons	  are	  stopped.	  
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The	  arrival	  *me	  is	  independent	  of	  proton	  beam	  energy.	  
	  	  	  	  	  →	  Timing	  structure	  of	  a	  beam	  may	  be	  retained.	  

	  
	  
	  
	  
	  
	  
	  

Simulation Results (5)
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Arrival	  Time	  of	  Muons	  
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Remaining Questions
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•  How	  would	  we	  get	  protons	  to	  the	  primary	  target?	  
(On	  Progress)	  

______________________________________________________	  
•  Background	  study	  with	  a	  PIP-‐II	  scenario	  

•  Cosmic	  Ray	  Veto	  considera*ons	  
•  Hadronic	  flash	  
	  
•  For	  PIP-‐II,	  we	  are	  not	  constrained	  to	  the	  1695	  ns	  *me	  cycle.	  	  
	  	  	  	  	  –	  What	  would	  be	  ideal	  for	  Mu2e-‐II?	  
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Summary
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•  Mu2e-‐II	  targets	  ×10	  becer	  sensi*vity.	  

•  Muon	  Produc*on/Power	  dropped	  by	  a	  factor	  of	  1.63.	  
•  Mu2e-‐II	  may	  produce	  7.65	  *mes	  more	  stopped	  muons	  than	  

Mu2e	  during	  3	  years.	  

•  High	  power	  with	  a	  low-‐energy	  beam	  would	  eliminate	  
an*proton	  background	  
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Charged-Lepton-Flavor Violation (CLFV)

•  CLFV is extremely suppressed in the Standard Model
e.g.- 

A signal of CLFV → Evidence of New Physics!
•  Several theories suggest CLFV with higher sensitivities. 
Supersymmetry	  

Compositeness	  

Heavy	  Neutrinos	  

Second	  Higgs	  Doublet	  

Leptoquarks	  

Heavy	  Z’	  and	  Anomalous	  Z	  Coupling	  
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CLFV History
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CLFV Parameter Space
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•  Model-Independent-CLFV Lagrangian
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Proton Improvement Plan-II (PIP-II)
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Timing Structure
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(Knopfel	  et	  al.,	  2013)	  

Mu2e	  (8	  GeV)	  	  
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The	  width	  will	  be	  
halved	  for	  Mu2e-‐II.	  

Pion	  arrival	  *me	  will	  
be	  narrower	  for	  
Mu2e-‐II	  due	  to	  the	  
narrower	  proton	  
pulse.	  [1]	  

Arrival	  *me	  of	  
muons	  will	  not	  
change	  for	  Mu2e-‐II.	  

DIO	  has	  to	  be	  
studied	  for	  Mu2e-‐II	  
background.	  



Background of Mu2e

29 Takumi Matsuzawa | Targeting Studies for an 800MeV beam for Mu2e-II

55%	  

23%	  

13%	  No	  an*proton	  background	  for	  Mu2e-‐II.	  
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